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Abstract 
Linear Joule Engine uses double acting free piston mechanism in its split compression and expansion cylinders, which 
decreases friction losses in comparison of crankshaft engines, and increases compression and expansion efficiencies in 
comparison of rotary heat engines. The penalty of the setup, especially split cylinders, is the increased volume of the 
engine. To keep a couple kilowatt engine generator in a compact size, it is proposed to integrate a permanent magnet 
linear alternator fully into the compressor of the Linear Joule Engine. The double acting piston in the compressor has 
embedded permanent magnet and works as the translator, while the compressor cylinder bore is mounted with coils as 
the stator. In the paper, a coupled dynamic model of the Linear Joule Engine and the integrated linear alternator is 
firstly presented. The coupled model bridges mechanical and electrical parts of the novel engine generator, and provides 
dynamic performance prediction of the design.       
© 2016 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
Most heat engine technologies suffers efficiency penalty when size goes down to couple kilowatts. Also, 
two major prime movers, internal combustion engine and combustion turbine, have inherent difficulties to 
be converted to use renewable sources. The Linear Joule Engine generator is an alternative technology 
powered with renewables and has high efficiency in micro-scale. In the previous study [1], it is estimated 
to have a thermal efficiency of 32.2%. However, the previous model applied a damper to simulate the 
performance of linear alternator as most literatures did, which weakens the credibility of the predicted 
performance. In this paper, a coupled dynamic model of the Linear Joule Engine and the integrated linear 
alternator is introduced and realized using Siemens LMS Imagine.Lab AMESim, together with Simulink, 
which aims to obtain pragmatic simulated results for further work on design optimization. 
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2. Development of the Linear Joule Engine Generator 
The first design of the Linear Joule Engine was presented by Wu and Roskilly [1], shown in Figure 1.  
The split compression and expansion cylinders are placed at left and right hand sides of the prototype, 
whilst the linear alternator is placed in the center with its shaft coupling with the rods from the compressor 
and the expander. The overall length of the engine generator has to be at least three stroke amplitude plus 
the length of the translator and the gaps left for couplings and bearings. With the optimal stroke length of 
120 mm generated from the previous simulation [1], the Linear Joule Engine Generator needs to be 400 to 
500 mm long. 
To reduce the overall length of the machine, the translator of the linear alternator is considered to be 
integrated into the compressor piston. Instead of using the expander piston, we appreciate much lower 
temperature of the compressor cylinder, which allows the maximum generation of the flux from the 
permanent magnets. As shown in Figure 2, a hollow piston is applied in the compressor, on the sleeve of 
which the permanent magnets are mounted in an axial formation. The study [2] in Finite Element Analysis 
was carried out to identify the minimum magnetic flux, magnet weight and coil numbers to produce couple 
kilowatts electricity. In the study [3], important design parameters of linear alternator was presented. 
In most literatures discussing free piston engine or linear alternator, two parts of the machine, i.e. 
mechanical and electrical systems, are separately designed and optimized, therefore, it is impossible to 
observe dynamic interaction between two systems during the operations in simulation. It is important that 
a coupled model including both mechanical and electrical systems needs to be built up for accurate 
performance prediction and optimal engine generator design. It is noticed that a very simplified damper 
model is used in the study [1] to mimic the behavior of the linear alternator. A scrutiny why a simple damper 
cannot represent a linear alternator will be conducted using both simulated results. 
 
 
 
 
 
 
Figure 1. The first design of the Linear Joule Engine prototype [1] 
 
 
 
 
 
 
 
 
Figure 2. 3D schematic diagram of the integrated linear generator [3] 
3. Modelling of the Linear Joule Engine Generator 
3.1 The Linear Joule Engine model 
The linear Joule Engine has four separated cylinders, two in the compressor and the other two in the 
expander. The real processes in the cylinders deviate from the theoretical processes in Joule Cycle, therefore 
universally applicable mass balance and energy balance are set up for each cylinder. The following equation 
describe the mass balance of the working gas in one expander cylinder, which considers the mass flow rate 
of the intake and the exhaust:  
 Author name / Energy Procedia 00 (2016) 000–000 3 
 𝑑𝑚𝑒𝑝
𝑑𝑡
= ∑ ?̇?𝑣_𝑒𝑝 (1) 
 
𝑉𝑒𝑝 ∙ [(
𝜕𝜌𝑒𝑝
𝜕𝑃𝑒𝑝
)
𝑇
𝑑𝑃𝑒𝑝
𝑑𝑡
+ (
𝜕𝜌𝑒𝑝
𝜕𝑇𝑒𝑝
)
𝑃
𝑑𝑇𝑒𝑝
𝑑𝑡
] + 𝜌𝑒𝑝 ∙
𝑑𝑉𝑒𝑝
𝑑𝑡
= ∑ ?̇?𝑣_𝑒𝑝 (2) 
The governing equation of energy balance for the working gas in one expander cylinder coming from 
the First Law of Thermodynamics is given as: 
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(4) 
In the practical application, the ranges of temperature and pressure are 300-1000K and up to 10 bar 
respectively, therefore ideal gas model is adequate to represent the working gas. When the ideal gas model 
is applied, enthalpy of the working gas is the function of temperature only. Therefore, the partial derivation 
items of enthalpy as the function of pressure are literally zero in this model. 
The equations abovementioned is also applicable to the compressor cylinders. Only the subscripts 𝑒𝑝 
(standing for expander) needs to be replaced. Then, four sets of mass and energy balances of four cylinders 
can be set up, whilst the variable differentiate two cylinders in the expander or the compressor is the piston 
displacement 𝑥, which eventually affects the cylinder volume 𝑉. Another variable is the timing of the valve 
opening, which reflects on the mass flow rate of intake or exhaust, ?̇?𝑣_𝑒𝑝. 
The heat transfer coefficient 𝑘  is calculated using the equations from the study [4]. Two parts of 
convection heat transfer are determined separately, which are the convection heat transfer between gas and 
horizontal wall in the cylinders and that between gas and vertical cylinder wall. 
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Two heat transfer coefficients are estimated as 101.83W/m^2 K and 128.59 W/m^2 K, which is lower 
than that of internal combustion engine due to lower maximum in-cylinder temperature and pressure. 
The crucial components attached onto the cylinders in the design are the valves, which use the model 
with the discharge coefficient from Perry’s experiments to determine the mass flow rates. 
 
?̇?𝑣_𝑒𝑝 = 𝐴𝑜 ∙ 𝐶𝑑 ∙ 𝐶𝑚 ∙
𝑃𝑢𝑝
√𝑇𝑢𝑝
 (9) 
Finally, a dynamic balance is built on the moving mass 𝑀 which includes one expander piston, one 
compressor piston mounted with permanent magnets, and the rods connecting them. The equation as: 
 
𝐹𝑒𝑝 + 𝐹𝑐𝑝 + 𝐹𝑙𝑎 + 𝐹𝑓𝑟 = 𝑀 ∙
𝑑2𝑥
𝑑𝑡2
 (10) 
where 𝐹𝑒𝑝 and 𝐹𝑐𝑝 can be calculated via pressure differences, 𝐹𝑙𝑎 from the linear alternator will be derived 
in the next section, and 𝐹𝑓𝑟 is the overall friction force on the moving mass, expressed as: 
 𝐹𝑓𝑟 = 𝑓𝑣𝑐 + 𝑓𝑤𝑑 + 𝑓𝑐𝑜 (11) 
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 𝐹𝑓𝑟 = 𝜇𝑣𝑠 ∙ 𝑣 + 𝑐𝑤𝑑 ∙ 𝑣 ∙ |𝑣| + 𝑓𝑐𝑜 (12) 
where 𝜇𝑣𝑠 is the coefficient of viscous friction in N/(m/s); 𝑐𝑤𝑑  is the coefficient of windage in N/(m/s)
2; 𝑓𝑐𝑜 
is the Coulomb friction force in N. 
3.2 The model of a tubular permanent magnet linear alternator 
The linear alternator is driven by the force generated from the thermodynamic Joule Cycle. Two 
paramount input variables for the linear alternator is the piston velocity, i.e. the translator velocity, and the 
aggregated force from the working gas in the cylinders. The linear alternator is not only a passive ‘slave’ 
machine, which has its way to affect the dynamic balance of the linear motion of the Linear Joule Engine 
via the responding forces during the electricity generation. The responding forces include six parts shown 
in the equation below: 
 𝐹𝑙𝑎 = 𝐹𝑒𝑙𝑒 + 𝐹𝑐𝑜𝑔 + 𝐹𝑐𝑜 + 𝐹𝑒𝑑 + 𝐹𝑐𝑝 + 𝐹𝑎𝑟 (13) 
𝐹𝑒𝑙𝑒  is the electrical corresponding force, which is the major part in quantity of the responding forces. 
𝐹𝑐𝑜𝑔 is the cogging force in permanent magnet linear alternators, which is generated due to the reluctance 
variation brought by the stator tooth. Magnetic core loss includes hysteresis loss 𝑃ℎ which is a heat loss 
caused by molecular friction of the magnetic particles of the core. The other part of the magnetic core loss 
is eddy current loss 𝑃𝑒  due to currents induced in any conductor, e.g. the iron core, when it is moving in a 
magnetic field. The force 𝐹𝑐𝑜 represents the above two parts of the magnetic core loss, which varies with 
the electrical frequency derived from the piston/translator velocity. The permanent magnets have the same 
effect as any conductor, in which the eddy current loss is generated as well. 𝐹𝑒𝑑 represents the eddy current 
loss 𝑃𝑒𝑚 only in the permanent magnets. The power lost in the form of heat in the armature winding of a 
generator is known as Copper loss. The equivalent force representing the loss is written as 𝐹𝑐𝑝. The term 
𝐹𝑎𝑟 represents the armature reaction force, which is due to machine current loading. It varies with current 
loading and the translator position with repetition cycles equal to the number of machine phases over 
translator pole. The responding forces from the armature circuits are expressed in details as follows. EMF 
stands for Electromotive force, which is denoted and measured in volt. 
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The cogging force over one translator pole as a function of piston/translator displacement 𝑥 is given as 
follows. It is periodic depending on the number of stator slots and the translator poles. The symbols (𝑆, 𝑇𝑝, 
𝜏𝑝𝑝) are the number of slots, the number of translator poles and translator pole pitch, respectively. The (±) 
sign in phase shift (𝜗𝑐) holds for oscillating motion of the translator, and the phase shift represents the shift 
from position corresponds to peak cogging force of total moving translator with respect to the stationary 
stator, where: 0≤ 𝜗𝑐 ≤180. 
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The magnetic core losses and the eddy loss of the magnets are presented aggregately as: 
 𝐹𝑐𝑜(?̇?) + 𝐹𝑒𝑑(?̇?) =  (𝑃ℎ + 𝑃𝑒 + 𝑃𝑒𝑚)/𝑢 (20) 
In the model, the peak air-gap magnetic flux ∅̂, the peak armature reaction force ?̂?𝑟𝑒, and the peak 
cogging force ?̂?𝑐𝑜𝑔 are estimated using Finite Element Analysis modelling [2] in order to minimise the 
permanent magnet cost with maximum utilisation of a specific design force and velocity. 
Combined the models of the Linear Joule Engine and the tubular permanent magnet linear alternator, 
the power generated from the linear engine generator will be observed. The interaction between the 
mechanical and electrical parts can be revealed from the variations of the variables, i.e. velocity, 
displacement, voltage, and current, etc. 
 
4. Results and discussions 
The Linear Joule Engine applies the optimal geometry and dimensions from the study [1]. In order to 
mount on enough permanent magnets, 8 kg moving mass which includes two pistons, piston rods, sleeve, 
and permanent magnets, are applied. The engine reaches stable operation after 10 s (In the first second 
piston displacement is shown in Figure 3), which generates 2 kW mechanical power for electricity 
generation, and achieves an overall thermal efficiency of 34%. In the literature [5], it was predicted that a 
5 kW Joule-cycle engine with pressure ratio of 7.5 has an overall efficiency of 33.2%, which is closed to 
the simulated result in this study. Some improvements may be from the free piston mechanism instead of 
crankshaft mechanism in the literature. 
The heat addition for the Linear Joule Engine is conducted out-of-cylinder, which requires any heat 
sources around 790 °C. As compression and expansion happen in different cylinders, split thermodynamic 
cycle diagrams are concluded in Figure 4. The blue dot line indicates the pressure build-up in the 
compressor and the orange one shows the expansion process. 
 
 
 
 
 
 
 
 
 
 
    Figure 3. Piston/translator displacement in the first second                  Figure 4. Pressure vs. volume diagram of the split cycle  
 
 
 
 
 
 
 
 
   
                                                                                
       Figure 5. Piston/translator velocity profile comparison                    Figure 6. Responding force simulation of the linear alternator   
Different models of the linear alternator affect the linear motion significantly, as shown in Figure 5. 
Stroke direction 
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When the same peak responding force around 800 N applied for the simplified model using a damper or 
the detailed linear alternator model, the top velocity of the piston-translator differs. Lower peak velocity of 
the simplified model also means the electricity generation is less. One possible reason is the damper creating 
more responding forces than a real linear alternator, which slows down the piston-translator and results in 
a lower mechanical frequency, in turn, lower electricity output. From Figure 5, it is also noticeable that two 
velocity profiles differs largely when the piston-translator comes toward the end of one stroke. The answer 
can be found in Figure 6. In a real linear alternator, when the translator moves out of the magnetic field, the 
flux disappears instantly which leads to a sharp drop of the electrical corresponding force. The simplified 
model just applies a proportional factor on velocity to simulate the responding forces, which cannot reflect 
this ‘dead-zone’, but only gives a gradually decreased force profile toward the end of a stroke.    
 
 
 
 
 
 
 
 
                                                                                         
 
       Figure 7. Power generation in one completed cycle                           Figure 8. Three phase EMF profiles versus displacement    
The Linear Joule Engine generator produces 1.8 kWe from 2 kW mechanical power input. The overall 
electrical efficiency of the machine is 30%. The instantaneous power generation profile in one cycle (two 
strokes) is illustrated in Figure 7, which reveals that more power is generated in the second half of a stroke 
while the velocity is relatively higher. EMF is another indicator of the alternator performance. EMF in three 
phases are presented in Figure 8, which clearly shows that there is 7 poles on the translator. When the pole 
passes the coil, that phase generates a peak EMF. The peak values are incline to get smaller toward both 
ends of strokes due to the lower velocity at that time. 
 
5. Conclusions and Recommendations 
The coupled model of the Linear Joule Engine generator presents a better performance prediction 
compared to the simplified model using a damper to simulate linear alternator. The thermal and electrical 
efficiency of 34% and 30% respectively for a 1.8 kWe engine powered with 800 °C heat source is proved 
to be achievable, which makes the machine desirable in micro-scale compared to its rival technologies. The 
innovative idea to combine the compressor with the linear alternator makes a compact machine, which has 
fully integrated mechanical and electrical parts. The next phase work is to modify the key parameters of 
Linear Joule Engine generator to identify the best parameter matrix for performance enhancement.  
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